Background: Coffee consumption has been reported to be inversely associated with hepatocellular carcinoma (HCC), the most common type of liver cancer. Caffeine has chemopreventive properties, but whether caffeine is responsible for the coffee-HCC association is not well studied. In addition, few studies have examined the relationship by sex, and no studies have examined whether there is an association between coffee and intrahepatic cholangiocarcinoma (ICC), the second most common type of liver cancer.
Introduction
Primary liver cancer is the second leading cause of cancerrelated death worldwide (1) , and the seventh leading cause in the United States (2) . Liver cancer incidence rates in the United States have been rising since 1980 (3) , although the increase has not been significant in recent years (4) . Hepatocellular carcinoma (HCC) is the dominant histologic type of liver cancer, accounting for approximately 65% of cases, while intrahepatic cholangiocarcinoma (ICC), the second most common histologic type, accounts for approximately 14% (5) . HCC usually develops in the background of oxidative stress and inflammation, triggered by chronic infection with hepatitis B or C virus (HBV or HCV), excess alcohol consumption, aflatoxin exposure, or obesity/diabetes (6) . On the basis of a recent meta-analysis, potential common risk factors for HCC and ICC include chronic HBV and HCV, excessive alcohol use, and obesity/diabetes (7) .
Most observational studies have shown a reduced risk of HCC associated with coffee consumption (8, 9) . Caffeine, polyphenols (e.g., chlorogenic acid), and diterpenes (e.g., cafestol and kahweol) are thought to be, at least partially, responsible for this reduction in HCC risk (10) . Experimentally, caffeine has been shown to inhibit hepatic carcinogenesis (11) , potentially through an antioxidant, anti-inflammatory, or radical scavenging mechanisms (12) .
Age-adjusted incidence of HCC in men is approximately three times higher than in women (13) . This disparity has been hypothesized to be due to the greater prevalence of most known risk factors among men. However, these differences cannot fully explain the male predominance of these tumors (14) . It is possible that coffee consumption differentially affects tumor risk in men and women by influencing hormone levels (15) , obesity (16) , diabetes (16) , or other unknown factors.
Although the association between coffee drinking and incidence of HCC has been studied in Asian and European populations (8) , only one study has examined the association in a U.S. population (17) . In addition, no studies have examined the association between coffee consumption and ICC.
To examine the overall and sex-specific association of coffee with HCC and ICC, and determine whether the associations varied by caffeine content, we studied the hypothesis in a project that pooled data from nine U.S.-based cohort studies.
Materials and Methods

Study population
The Liver Cancer Pooling Project (LCPP) has been described previously (18) . Briefly, all U.S.-based cohort studies that are members of the National Cancer Institute (NCI) Cohort Consortium were invited to participate in the LCPP. Of the 14 studies that agreed to participate, nine studies contributed data on both coffee consumption and liver cancer histology (Supplementary Table  S1 
Exposure
With the exception of WHI, all studies assessed coffee drinking over the past year (or 12 months; Supplementary Table S2) . WHI asked participants to report if they usually drink coffee every day. In addition, WHI assessed only the number of caffeinated cups of coffee consumed and, thus, was not included in decaffeinated intensity or combination analyses. The remaining studies assessed caffeine content by asking participants to report caffeinated and decaffeinated coffee consumption separately or by asking participants the proportion of decaffeinated coffee consumed. Individuals were classified into mutually exclusive groups of caffeinated coffee drinkers, decaffeinated coffee drinkers, or a combination of caffeinated and decaffeinated coffee consumption. To examine trends in coffee consumption, both by caffeine content (using a stratified analysis) and overall, the number of cups of coffee, assumed to be approximately 8 ounces, per day was analyzed as: 0, >0-<1, 1-<2, 2-3, and >3 cups/day. Non-drinkers were defined as those individuals reporting little or no coffee consumption during the FFQ timeframe.
Statistical analysis
Cox proportional hazard regression analysis was used to calculate adjusted hazard ratios (HR) and 95% confidence intervals (CI) for the associations of coffee consumption with HCC and ICC. The proportional hazards assumption was tested using an interaction between coffee exposure (defined as continuous and categorical) and log(time) in models that included confounders and an interaction was observed (P < 0.05). Thus, we present the overall HRs, averaging over varying baseline hazards ratios during follow-up, and the HRs for four time periods of follow-up, based on quartiles of follow-up time for HCC and ICC. Examination of coffee consumption by these differential follow-up times did not result in notable differences among the four lengths of follow-up.
Effect measure modification by sex, cigarette smoking [evaluated as never/ever and cigarettes/day (continuous)], body mass index [BMI; kg/m 2 ; evaluated as continuous and dichotomous (<25 and 25)], and diabetes (yes/no) was assessed using likelihood ratio tests comparing regression models with and without a multiplicative term (28) . We found no evidence of effect measure modification by smoking, BMI, or diabetes (P 0.10). However, there was some evidence of effect measure modification by sex (P < 0.10).
Potential confounders (29) , and BMI (continuous) met this criterion and were included in all final models. We adjusted for study in all models. We also created a forest plot and used fixed-effects meta-analysis to estimate a summary HR and assess heterogeneity using I
2 . An I 2 of 0% indicates no heterogeneity, whereas larger values indicate increasing heterogeneity between studies (31). Analyses were conducted using SAS version 9.3 (SAS Institute) and STATA version 13 (StataCorp LP). All P values are two-sided.
Sensitivity analyses
We examined caffeine content and intensity of coffee consumption using a model that jointly considered these terms. We also analyzed all confirmed or suspected HCC cases, which included HCC cases (ICD-O-3 histology codes of 8170-8175) and additional suspected HCC cases defined as ICD-O-3 histology codes of 8000, 8010, or missing. Finally, we conducted a meta-influence analysis for HCC, excluding one study at a time from the pooled analysis.
Results
Demographic characteristics of HCC and ICC cases and noncases are shown in Table 1 and Supplementary Table S3 . Compared with non-cases, individuals who developed HCC or ICC were more likely to be older, male, Asian/Pacific Islander, overweight or obese, smoke, drink heavily, and have diabetes. Figure 1 shows the study-specific and summary HRs for coffee consumption versus no consumption and HCC risk. The fixedeffects summary HR was 0.95 (95% CI, 0.75-1.22). Although no significant heterogeneity was detected between studies, the inconsistency was moderate (I 2 ¼ 36.5%). Table 2 presents the overall and stratified results by length of study follow-up for the pooled analysis. The group who consumed at least three cups of coffee per day were at 27% lower risk of HCC (HR, 0.73; 95% CI, 0.53-0.99), and there was evidence of an inverse dose-response relationship (HR cups/day , 0.90; 95% CI, 0.85-0.94). There was no association between coffee consumption and ICC. Table 3 shows the association of coffee consumption by caffeine content with HCC and ICC. For caffeinated coffee, individuals who consumed at least three cups of coffee per day had a modestly reduced risk of HCC (HR, 0.71; 95% CI, 0.50-1.01). A trend of decreased HCC risk was also observed for caffeinated coffee consumption (HR cups/day , 0.91; 95% CI, Table 1 . Characteristics of participants in the LCPP by case status Table 4 and Supplementary Table S4 , there was evidence of a multiplicative interaction between coffee drinking and sex for HCC [P interaction ¼ 0.07,
Comparing coffee drinkers to non-drinkers, women had a 22% decreased risk of HCC (HR, 0.78; 95% CI, 0.56-1.10), while men did not (HR, 1.21; 95% CI, 0.87-1.69). Among women who drank more than three cups of coffee per day, the risk of HCC was further reduced (HR, 0.46; 95% CI, 0.26-0.81, P trend ¼ 0.004). Men who drank more than three cups of coffee per day had little reduced risk of HCC (HR, 0.93, 95% CI, 0.63-1.37), but the risk reduction associated with cups of coffee consumed per day was similar to women (P trend ¼ 0.0004). The examination of coffee consumption and ICC stratified by sex found no notable associations among either men or women.
Results from a model that jointly considered caffeine content and intensity of coffee consumption were not substantially different than our main stratified model (Supplementary Table S5 ). When we examined suspected HCC cases, results did not differ from our main analysis of confirmed HCC (Supplementary Table  S6 ). Finally, the meta-influence analysis for HCC ( Supplementary  Fig. S1 ) revealed that the AARP cohort exerted a substantial influence on the overall results. Thus, we also present our results for only the AARP cohort (Supplementary Tables S7 and S8 ) and excluding the AARP cohort (Supplementary Tables S9 and S10) .
Discussion
This study examined the association between coffee and risk of incident HCC and ICC, stratified by caffeine content and sex. In our analyses, stronger associations between coffee consumption and HCC were observed for women. Among women who drank more than three cups of coffee per day, we found risk reductions for HCC of 54%.
Previous studies have reported that coffee consumption is associated with a decreased risk of HCC. In a recent meta-analysis, high levels of coffee consumption (vs. none) were associated with a 56% reduction in risk of liver cancer; with each one cup of coffee consumed per day, a 20% reduction in risk of liver cancer was Figure 1 . Study-specific and summary HR and 95% CI of coffee consumption versus no consumption for hepatocellular carcinoma, LCPP. observed (8) . Three additional studies published since this metaanalysis also noted an inverse association between coffee consumption and HCC (17, 32, 33) . In this study, drinking more than three cups of coffee per day (vs. non-drinkers) was associated with a 27% decreased risk of HCC and increasing coffee consumption by one cup per day was associated with a 10% reduction in HCC risk.
Although not statistically significant, there was evidence of modest heterogeneity among studies. As a sensitivity analysis, we conducted a meta-influence analysis. In this analysis, the HR for coffee drinkers versus non-drinkers was notably different when the AARP study was dropped compared with the overall result ( Supplementary Fig. S1 ). The results were quite different examining the AARP cohort versus the other pooled cohorts. Individuals in the AARP cohort consuming more than three cups of coffee per day had little to no reduced risk of HCC. When the AARP cohort was excluded, individuals drinking more than three cups of coffee per day had a 59% decreased risk of HCC (Supplementary Tables S7 and S9 ). It is unclear why estimates from the AARP cohort appear different, as cohort recruitment was very similar between the cohorts included in the LCPP (Supplementary Table S1 ). There are two possibilities. First, at the time of the AARP baseline questionnaire (1995), AARP was primarily composed of retirees. Thus, coffee consumption among retirees could be different than among workers or the general population. Alternatively, this could be due to chance. However, as AARP comprises over 45% of the LCPP study population, results stratified by cohort should be interpreted with caution.
The recent meta-analysis also reported that coffee consumption was associated with a reduced risk of HCC in both men and women (8) . This meta-analysis included two previous studies that reported coffee consumption among men was associated with a greater risk reduction of HCC (34, 35) and three studies that did not report a difference (36) (37) (38) . In this study, we saw coffee consumption was associated with a decreased risk of HCC, which was stronger among women. However, in the analysis stratified by cohort, the association of coffee-HCC by sex was quite different by cohort. In the AARP cohort, women with higher coffee consumption had a possible 23% decreased risk of HCC, but men did not. Conversely, in the other cohorts, men and women had a 52% to 67% reduced risk of HCC (Supplementary Tables S8 and S10) . Differences between previous studies and our study could partially be due to geographic differences, variability in coffee brew or preparation methods, bioavailability of coffee compounds, or chance.
Studies have shown that coffee brew and preparation methods vary widely by geographic location, even within the United States (39) . The amounts of various compounds retained in coffee are highly dependent on the method of brewing (40) . For example, boiled, Turkish, and French press methods retain the highest amounts of cafestol and kahweol, whereas negligible amounts are found in instant, drip filtered, or percolated coffee (41) . Brewing strength (i.e., the concentration of coffee grounds per liter of water used for brewing) also affects the levels of cafestol and kahweol found in various coffee brewing methods (41). Adjusted for: sex, age (continuous), race (white, black, other), cohort (AARP, AHS, USRT, PLCO, WHS, CPSII, IWHS, BWHS, WHI), BMI (continuous), cigarette smoking intensity (cigarettes/day), smoking status (non-smoker, former smoker, current smoker), cigarette smoking intensity (0, 10, >10-15, >15-25, >25 cigarettes/day), and alcohol (non-drinker, and >0-<1, 1-3, >3 drinks/day). b P value for trend of continuous variable.
Preparation of coffee with added milk or creamer could also potentially affect the bioavailability of coffee compounds. A recent study, using 10% milk or non-dairy creamer, found no differences in bioavailability of phenolic coffee compounds (42), but another study, using instant coffee dissolved in only milk, found a 28% reduction in urinary excretion of cholorogenic acid (43) . This suggests that consuming milk and coffee together could affect the bioavailability of compounds found in coffee.
Coffee is a mixture of many different compounds, such as carbohydrates, lipids, vitamins, alkaloids, nitrogenous molecules, and polyphenolic compounds (44) . Animal studies have also provided support for the potential chemopreventive effect of coffee. For example, a murine study found that coffee decreased the incidence of tumors, including hepatocellular adenomas, and increased energy expenditure (45) . The primary compounds in coffee that have been identified as possibly having chemopreventive effects include diterpenes (i.e., cafestol and kahweol), chlorogenic acid, and caffeine (40) . Diterpenes are lipids that have been shown to inhibit phase I activating enzyme expression and enzymatic activity, induce phase II detoxifying enzymes, and regulate the Nrf2-ARE signaling pathway (10, 12, 40) . Chlorogenic acid is a polyphenol that has been shown to increase activity of phase II detoxifying enzymes via the Nrf2-ARE signaling pathway (46) . Caffeine intake increases metabolic rate and energy expenditure, and thus caffeine may regulate weight and reduce the risk of developing metabolic syndrome (12, 47) . In addition, caffeine may contribute to the antioxidant capacity of coffee (10, 12) . A recent study from the European Prospective Investigation into Cancer and Nutrition (EPIC) found a 72% lower risk of HCC associated with high levels of coffee consumption (33). (11), we were unable to evaluate tea or soda consumption in the present study. Potential risk reduction of HCC due to coffee consumption is likely due to long-term consumption rather than transient exposure (12) . Studies to date, including this report, may not adequately captured long-term coffee consumption. All of the parent studies in the LCPP assessed coffee consumption for the 12 months prior to study baseline or less, which is the exposure included in this report. This was assumed to be indicative of adult coffee consumption. However, there are a number of reasons, particularly due to health concerns, that may lead individuals to alter their coffee consumption, specifically caffeinated coffee (49) . Thus, misclassification of long-term exposure status could result from having only a single, self-reported measurement at study baseline, which does not account for the within person variability over time. However, we believe that this form of misclassification would likely be nondifferential with respect to liver cancer, and we would expect any potential bias to attenuate the estimates of risk, biasing them toward the null (29) . Therefore, the null results found for the overall association between coffee drinkers, versus non-drinkers, and HCC could potentially be due to misclassification. For instance, individuals classified as non-drinkers could have formerly been heavy coffee drinkers, which could be a potential explanation as to why among individuals consuming lower levels of coffee (<2 cups/day) we observed an increased risk of HCC, compared with non-drinkers. This is primarily being driven by the NIH-AARP study, where individuals may have altered their coffee consumption after retiring from the workforce.
While the pooled analysis included information on the major confounders (e.g., smoking and alcohol consumption), it did not include information on other potential confounders, such as HBV and HCV status, for all individuals. However, hepatitis B surface antigen (HBsAg) and antibody to hepatitis C virus (anti-HCV) were assessed in a nested case-control study. Among the HCC cases tested (n ¼ 151), 39 (25.8%) were positive for anti-HCV and 5 (3.3%) were positive for HBsAg. Among the matched controls (n ¼ 375), 10 (2.7%) were positive for anti-HCV and 3 (0.8%) were positive for HBsAg. We examined the association between HCV and HBV status and coffee drinking, and found no association (data not shown). In addition, the LCPP did not obtain and harmonize information on other dietary factors (e.g., total energy intake) that may be potential confounders as well. These results may also not be generalizable to non-white or Hispanic populations, as the cohorts included in this analysis were primarily composed of white, non-Hispanic participants.
Although not statistically significant, the analyses stratified by smoking, BMI, and diabetes are intriguing. In each of these models, higher coffee consumption was associated with a lower risk of HCC in the absence of smoking, overweight/obesity, or diabetes. This suggests that if coffee is working through an antioxidant, anti-inflammatory, or radical scavenging mechanism (12) , it functions primarily at lower levels of oxidative stress and inflammation. However, in the presence of smoking, diabetes, or overweight/obesity, the potential risk reduction benefits from coffee could be overwhelmed by these highly prooxidative and inflammatory mechanisms (50) . This study had a large sample size to evaluate the association between coffee consumption and liver cancer incidence by subtype: HCC and ICC, although the number of ICC cases in this pooled analysis remained limited. The large sample size of the LCPP, compared with previous studies, also allowed us to stratify by caffeine content of coffee and sex; however, the number of cases for the stratified analyses is still relatively small. In addition, previous studies have primarily been conducted in Europe and Asia (8) , where coffee brew and preparation methods are different than in the United States.
In conclusion, our finding of an inverse association between coffee consumption and HCC suggests that coffee consumption may modestly reduce the risk of HCC in the United States. Further research is needed to elucidate the role of coffee consumption, including method of brew and preparation, in relation to HCC in the United States.
